How cuckoos find the nests of their hosts and choose nests with respect to egg phenotype for parasitism is a long-standing puzzle that has so far not been solved. We recently developed an experimental design to shed light on this mystery by studying the egg-laying behavior of common cuckoos (Cuculus canorus) in nests of its Oriental reed warbler (Acrocephalus orientalis) host. Our results showed that common cuckoos only parasitized host nests with host activities but ignored the egg phenotypes in the nests. Furthermore, cuckoos distinguished between nest types of black-browed reed warbler (Acrocephalus bistrigiceps) and Oriential reed warbler and chose to parasitize the latter. This study provides strong evidence for host activities being a prime factor affecting cuckoo parasitism. Cuckoos must first locate the general site of host nests from activities by the host and then target the nests for parasitism. These observations reject the optimal egg-laying hypothesis stating that cuckoos are capable of choosing to lay eggs in host nests with visually matching egg phenotypes. Therefore, our studies challenge the idea that cuckoos recognize eggs that match their own.
INTRODUCTION
The arms race between parasitic cuckoos and their hosts constitutes a text-book example and model system for understanding coevolution (Darwin 1859; Davies 2000 Davies , 2011 Soler 2014) . However, how cuckoos find the nests of their hosts and choose nests with suitable egg phenotypes for parasitism still remain largely unsolved today despite the fact that such choice to some extent must have been the basis for the evolution of the remarkable degree of mimicry in the appearance of cuckoo eggs. First, although cuckoos were supposed to find host nests by monitoring hosts' activities (i.e., the host monitoring hypothesis) (Davies 2000) , experimental studies have so far not tested this idea. Second, cuckoos were assumed to choose to lay eggs in host nests with eggs matching the phenotypes of their own eggs (i.e., the optimal egg-laying hypothesis). However, the conclusions of previous studies are mixed (Avilés et al. 2006; Cherry et al. 2007; Antonov et al. 2012; Honza et al. 2014; Yang et al. 2016) , possibly because of biased experimental methods (Antonov et al. 2012; Yang, Takasu, et al. 2015; Yang et al. 2016) .
Here, we developed a novel experimental method to address these long-standing puzzles. To test the optimal egg-laying hypothesis, we set up real host nests that contained various egg phenotypes next to active nests of the Oriental reed warbler (Acrocephalus orientalis) (hereafter ORW), a major host of the common cuckoo (Cuculus canorus) in reed beds of Asia Li et al. 2015) to directly elicit parasitism by cuckoos and thus investigate their preference during parasitism. To test the hypothesis of host monitoring, we set up different combinations of host nests with or without host activities to investigate the role of the mere presence of active host nests in nest location by cuckoos. We predicted that 1) cuckoos should not lay eggs in host nests without the presence of hosts, if cuckoos locate host nests by monitoring host activities; 2) cuckoos should prefer to lay eggs in host nests with egg phenotypes that match those of their own eggs if cuckoos chose to lay eggs optimally; and 3) cuckoos should lay eggs in a specific nest type if cuckoos have evolved the ability to distinguish among host nests differing in size when imprinting on a specific kind of host nests.
MATERIAL AND METHODS

Study area and study species
We conducted this study in Zhalong National Nature Reserve (46°48′-47°31′ N, 123°51′-124°37′ E) located on the northern Songnen Plain in Heilongjiang, Northeast China. The habitat includes reed swamps, open water and grasslands. The mean annual temperature and precipitation are 3.2 °C and 426 mm, respectively (Yang, Wang, et al. 2015) . We studied common cuckoos and their ORW hosts. This host species was formerly classified as a subspecies of great reed warbler (Acrocephalus arundinaceus) (Dyrcz and Nagata 2002) . They have similar egg phenotypes and strong egg recognition capacity like the great reed warbler (Moskát et al. 2012) and parasitism rate by the common cuckoo in our study area was 34.3% in 2012 (n = 73 host nests) ) and 65.5% in 2013 (n = 55) . Deserted nonactive nests in this study were collected during the breeding seasons 2012-2014 and used for experiments during the breeding seasons 2013-2014. For some groups of experiments, we also collected nests of blackbrowed reed warblers (Acrocephalus bistrigiceps) (hereafter BRW), which is a host species sympatric with ORW, but is rarely used as a host with a very low parasitism rate of 0.42% (n = 236).
Field experiments
We found newly built nests of ORW by searching reed beds within our study area and by monitoring the activities of host parents. Two groups of experiments with a pairwise design were established. Group 1 consisted of active and nonactive triplets of nest ( Figure 1 ). Each active and nonactive triplet of nests constituted a pair of triplets that were separated by 10 m. Each active or nonactive triplets contained 3 ORW nests that were separated by a similar distance of ca. 1 m (Figure 1 ). These 3 nests within each triplet either contained 2 ORW, 2 tree sparrow (Passer montanus), or 2 barn swallow eggs (Hirundo rustica), respectively. The locations of artificial nests and triplets of nests above were selected according to the principle that they were in similar habitat as natural nests. For example, artificial nests were set up at similar distances to perches that were suitable for cuckoos to monitor hosts. Nest height and cover were also selected to ensure their consistency between artificial and natural nests (Figure 2 ). The only difference between active and nonactive triplets of nests was that the nests contained ORW eggs in active triplets of nests built by the hosts and the eggs were also laid by the hosts, whereas the nests containing ORW eggs in nonactive triplets of nests were nonactive nests (i.e., deserted nests that were collected). In other words, when one active ORW nest was found, 2 collected ORW nests were set up on reeds around it on the day after 2 ORW eggs were laid during the egg-laying period. These 3 nests were each close to each other with a similar distance of ca. 1 m, forming a so-called active triplet of nests. For the nonactive triplets of nests, the procedure was the same but all the 3 nests within a triplet came from collected nests and they were situated at a distance of 10 m from the active triplets of nests. Group 2 also consisted of active and nonactive triplets of nests with the same procedure of treatment ( Figure 1 ) but each active or nonactive triplet contained 1 ORW nest with 1 ORW egg, 1 ORW nest with 1 domestic quail (Coturnix japonica) egg, and 1 BRW nest with 1 quail egg, respectively. Additionally, all eggs used in this experiment, including quail eggs bought at a market or swallow and warbler eggs collected from natural nests, were fresh.
In summary, the active and nonactive triplets of nests thus represented nests with or without host activities, respectively. Therefore, the treatments in group 1 provided an opportunity to test the effect of host activities (presence or absence) and egg phenotypes (mimetic vs. nonmimetic) on the preference for cuckoo parasitism, whereas the treatment in group 2 tested for the effect of host activities, egg phenotypes, and nest types (ORW nest vs. BRW nest) on the preference of cuckoo parasitism. Furthermore, group 1 contained nests with 2 eggs, whereas group 2 contained nests with 1 egg and this allowed us to quantify the effect of the number of eggs. ESM Video recorders (JWD DV-58G, JWD Inc., Shenzhen, China) (n = 20) were placed to record the circumstances in some active triplets of nest that were randomly selected from groups 1 and 2. To avoid interactive effects between group 1 and 2, they were conducted asynchronously in different years (i.e., group 1 and group 2 were performed in the breeding season of 2013 and 2014, respectively). According to the previous studies (Lotem et al. 1992 (Lotem et al. , 1995 , the ORW is as strong a rejecter as the great reed warbler (Moskát et al. 2002; Karcza et al. 2003) . We also conducted experiments to test the recognition capacity in our study population. In parasitism experiments each host nest was artificially parasitized with 1) 1 swallow egg, 2) 1 BRW egg, or 3) 1 conspecific egg on the day after host clutch completion and we monitored nests for 6 days to confirm the result, which was regarded as rejection if the parasitic egg was ejected or deserted, or acceptance if the parasitic egg was accepted and incubated. In this study, nests that were destroyed by strong wind or heavy rain during the experiment were excluded from the analyses. Swallow or BRW eggs were used as parasitic eggs because their eggs were also used in the experiment described above. Additionally, some ORW nests were also visited using the same procedure without manipulation in order to control for human disturbance (n = 10).
Although the interaction between egg phenotypes and egg sizes was not tested specifically, the experimental design above provided an opportunity to investigate the potential effect of egg sizes to some extent. In group 1, we used mimetic bigger eggs (ORW) versus nonmimetic smaller eggs (sparrow or swallow) and in group 2, there were mimetic smaller eggs (ORW) versus nonmimetic bigger eggs (quail). Therefore, this experimental design provides 4 types of combinations (mimetic/nonmimetic × smaller/bigger) to test the effect of egg sizes. For example, if egg sizes have an effect on cuckoo parasitism, a preference for one of these 4 types of combination would be detected.
Statistical analyses
We used the eggs from tree sparrows, barn swallows, and domestic quails because they provide different egg phenotypes for testing ( Figure 3) . Furthermore, the wild bird species breed in the same area thereby making collection feasible and we collected their eggs from deserted or partially depredated nests, whereas for domestic quail, we bought eggs from a local market. Egg sizes differed significantly among species (mean [SE]: Oriental reed warbler: 2.89 ± 0.27 cm 3 , tree sparrow: 2.04 ± 0.16 cm 3 , barn swallow: 1.73 ± 0.10 cm 3 , domestic quail: 10.20 ± 1.16 cm 3 , n = 15 for each, F = 669.3, df = 3, 41, P < 0.001). The phenotypes of these alien nonmimetic eggs were obviously different from those of cuckoo eggs, which were highly mimetic of ORW eggs (Figures 3 and 4) . Therefore, cuckoos were expected to choose to lay eggs in nests with ORW eggs according to the optimal egg-laying hypothesis. BRW nests were used for a comparison with BRW nests because these 2 warblers breed in the same area and BRW nests are similar to ORW nests in structure and nest materials (both use dry grasses) but differ in size (cup diameter × cup depth: Oriental reed warbler: 5.9 ± 0.6 cm × 6.7 ± 0.6 cm, n = 41; black-browed reed warbler: 4.8 ± 0.1 × 4.7 ± 0.2 cm, n = 29). In summary, this experimental design provided different opportunities for cuckoo parasitism, including differences in host activities (presence or absence), host nests (ORW or BRW), and host egg phenotypes (ORW, sparrow, swallow, or quail eggs). Collected nests were placed at dawn before sunrise and monitored for 6 days following manipulation, with nests being checked briefly 4 times per day (i.e., once in early morning, once at noon, once in the afternoon, and once at dusk) to avoid that any cuckoo eggs were ejected before being recorded.
To evaluate the egg mimicry between alien eggs used in an experiment and host (ORW) eggs, we quantified the egg markings and background color with granularity analysis and spectrometer, respectively. The granularity analysis quantified the egg pattern from avian vision by 7 filter sizes that represent size at 7 scales of egg markings. For more details about the analysis, see Stoddard and Stevens (2010) and Yang, Hu, et al. (2015) . The background color of eggs was quantified with a spectrometer (Avantes-2048; Avantes, Apeldoorn, the Netherlands) and analyzed with Goldsmith's tetrahedral color space (Stoddard and Prum 2008) . χ 2 test and generalized linear mixed models (GLMM) were used for statistical analyses of cuckoo egg-laying preference, which were performed in Figure 2 Examples of nest height and cover between artificial and natural nests for eliciting cuckoo parasitism in this study. Arrows shown in red refer to natural nests and in yellow refer to artificial nests. IBM SPSS 20.0 (IBM Inc.) . In GLMM, a nested structure of data was established, in which the number of triplets was nested in the paired number of triplets (each active triplet of nests and its control (i.e., nonactive triplet of nests 10 m away) constitute a pairwise design), with host activities and egg phenotypes as predictors of cuckoo parasitism in group 1 or host activities, egg phenotypes and nest types as predictors of cuckoo parasitism in group 2.
Ethical standards
The experiments comply with the current laws of China, where they were performed. Robinson projection of egg colour hue, chroma, and normalized brilliance as a measure of achromatic brightness of the egg types used in this study (n = 9 for each species). Black triangles indicate projections of the short (S), medium (M), and long (L) wavelength vertices of the tetrahedron. For the colors of circle, gray color refers to cuckoo, orange color refers to Oriental reed warbler, red color refers to domestic quail, blue color refers to barn swallow, and green color refers to tree sparrow. Figure 3 An example of egg phenotypes used in this study. Egg patterns were quantified by granularity analysis, in which filter sizes refer to different scales of marking sizes and normalized energies refer to relative contribution of different marking sizes to the overall egg markings.
out under the permission from Zhalong National Nature Reserve, Heilongjiang, China.
RESULTS
Egg recognition capacity by the oriental reed warbler
All parasitic eggs were ejected within several hours on the first day of parasitism experiment without any rejection errors (n = 13 for swallow eggs and n = 10 for BRW eggs). However, all conspecific eggs were accepted (n = 10) and no rejection or desertion was detected in the control group (n = 14).
Egg markings and color
According to the results of granularity analysis, the egg markings differed among different egg types, except for the cuckoo eggs that were similar to the ORW eggs (Figure 3 ). For the background color of eggs, the avian visual modeling also showed that the distributions of egg color hue were segregated from each other among different egg types, except for the cuckoo eggs and ORW eggs that overlapped (Figure 4 ). Both the chroma and brilliance were significantly different among egg types (chroma: F 4,40 = 92.69, P < 0.001; brilliance: F 4,40 = 33.32, P < 0.001, Anova). However, the clutch-wise difference did not differ significantly in chroma between cuckoo and ORW eggs (P = 0.768, Fisher's least significant difference [LSD]), although a statistical difference was detected in brilliance (P = 0.008, Fisher's LSD). Therefore, both analyses of markings and color are consistent with the sensorial assessment by human eyes that quail eggs, sparrow eggs and swallow eggs are nonmimetic of ORW eggs, whereas cuckoo eggs are mimetic.
Do cuckoos monitor host activities and thus parasitize active nests?
In total, 46 and 39 triplets of nests were set up for groups 1 and 2, respectively. In the end, 19 out of 46 triplets in group 1 and 24 out of 39 in group 2 succeeded in attracting cuckoo parasitism. We assessed the relative role of nest phenotypes, egg phenotypes, and host activities as factors eliciting successful parasitism by the cuckoo. According to our results, cuckoo eggs were only found in active triplets of 3 nests in group 1 (Figure 5 ), including 2 ORW nests with 2 sparrow eggs and 2 swallow eggs or the active ORW nest with 2 ORW eggs. They were also found in active triplets of nests in group 2 (Figure 5 ), which contained either 1 active ORW nest with 1 ORW egg, 1 ORW nest with 1 quail egg, or 1 BRW nest with 1 quail egg. However, the nonactive triplets of nests in both these 2 groups did not result in any cases of cuckoo parasitism ( Figure 5 ). For each triplet of nests chosen by cuckoos, only 1 nest was parasitized. All parasitism events were detected at the egg-laying stage except for one case, in which the cuckoo parasitized an active ORW nest in group 1 on the day following clutch completion. In 2 nests, double parasitism was detected, 1 in an active ORW nest with an ORW egg, whereas another case was found in a collected ORW nest with quail egg in group 2. Four out of 20 video recordings captured egg-laying by the cuckoo (ESM Supplementary Videos S1-S4).
Do cuckoos choose to parasitize host nests with egg phenotypes that match their own?
Our results showed that parasitism frequencies of active triplets of nests in group 1 did not differ significantly from a random pattern of egg-laying (i.e., equal frequencies with a ratio of 1:1: 1; χ 2 = 0.35, df = 2, P = 0.84). For active triplets of nests in group 2, parasitism frequencies differed significantly from random (χ 2 = 6.857, df = 2, P = 0.032). However, if we only compared ORW eggs with quail eggs in ORW nests (i.e., controlled for the nest type), parasitism frequencies were random (χ 2 = 0.201, df = 2, P = 0.654). In contrast, if we compared ORW nests with BRW nests that both contained quail eggs (i.e., controlled for egg phenotype), parasitism frequencies differed significantly from random (χ 2 = 7.216, df = 2, P = 0.007). These findings indicate that nest types have an effect on the preference by egg-laying cuckoos. The results of GLMM with host activities, nest types, and egg phenotypes as predictors were also in line with the suggestion that only host activities and nest types affected the probability of parasitism (Table 1) . Cuckoos neither showed a preference for any egg phenotype in group 1 or group 2, implying that egg sizes should not influence parasitism. To conclude, cuckoos first locate the general site of host nests by using host activities and then target them for subsequent parasitism.
DISCUSSION
Host selection during parasitism by cuckoos follows a hierarchy of decision-making rules ( Figure 6 ). None of the inactive nests without Group (1) Group (2) non-active triplets of nests (n = 24)
Figure 5
Results of eliciting cuckoo parasitism in this study. ORW refers to Oriental reed warbler and BRW to black-browed reed warbler, respectively. For groups 1 and 2, the sample sizes refer to the sample sizes of triplets of nests. Each triplet contains 3 nests and thus the sample sizes of nests for groups 1 and 2 were 57 and 72, respectively. host activities were parasitized by cuckoos in sharp contrast to active triplets of nests. This revealed that host activity is an essential cue for cuckoo parasitism. Although previous observations suggested that female cuckoos invest effort into monitoring hosts (Davies 2000) , here we for the first time provided experimental evidence to confirm that cuckoos locate host nests by observing the activities of nest owners. One study has indicated that most common cuckoos laid their eggs in the presence of the hosts (Moksnes et al. 2000) . Therefore, host activity is an important cue for cuckoo parasitism. Furthermore, we found that nest type was also an important cue for cuckoo parasitism, implying that cuckoos may locate the general site of host nests from host activities in the surroundings, enter the site, and then determine the exact location of nests by relying on nest types. In other words, cuckoos may recognize both hosts and their nests as important determinants of successful parasitism. Therefore, the cuckoos may have imprinted on the specific host species by either genetic inheritance or acquired learning (Davies 2011) because they were proved to track host activities and recognize the host nests according to our results. However, these do not exclude the habitat imprinting hypothesis assuming that cuckoos may also imprint on the habitat in which they have grown up and search for the same kind of habitat during dispersal (Teuschl et al. 1998) . In fact, both host species and habitat may be imprinted during dispersal by the cuckoo (Davies 2000; Vogl et al. 2002) . Thus, a preference for the exact habitat in which young cuckoos grew up increases the probability of encountering host species that reared them and on which they imprinted. Such suitable hosts may be found only when reaching a suitable habitat. Although this study neither excludes nor supports the habitat imprinting hypothesis, our results rejected the possibility that cuckoos search for host nests in suitable nest habitat sweepingly without effects of host activities because nonactive nests with real eggs failed to elicit cuckoo parasitism. Furthermore, our result for the first time revealed that cuckoos can distinguish between nest types of different host species. Nests of the ORW and the BRW only differ in size according to human vision, and a previous study found that great spotted cuckoos (Clamator glandarius) prefer magpie (Pica pica) hosts with larger nests (Soler et al. 1998) . Further studies are needed to assess the factors influencing nest preference in cuckoo parasitism. Another novel discovery of our study was that cuckoos did not choose to lay eggs in nests matching their own egg phenotype. The optimal egg-laying hypothesis suggests that cuckoos should know their own eggs and preferentially select nests with wellmatching host eggs for parasitism (Avilés et al. 2006; Cherry et al. 2007; Honza et al. 2014 ). This hypothesis is at first glance reasonable because random egg-laying seems to be wasteful according to optimality reasoning (Parker and Maynard-Smith 1990) . However, previous studies presented mixed conclusions that either supported (Avilés et al. 2006; Cherry et al. 2007; Honza et al. 2014) or rejected the hypothesis (Antonov et al. 2012; Yang, Takasu, et al. 2015; Yang et al. 2016) . More importantly, the methodology of previous studies provided indirect evidence (i.e., based on the comparison of cuckoo-host egg matching between observed nests and neighbor nests or between real parasitized nests and artificially parasitized nests) that suffered from a serious deficiencies (Antonov et al. 2012; Yang et al. 2016) . Using a novel experimental method, we presented direct (i.e., providing the exact parasitism circumstances by attracting cuckoos laying eggs) and strong evidence to reject the optimal egg-laying hypothesis, challenging the hypothesis that cuckoos know their own egg phenotypes. One might argue that in our empirical studies each active triplet of nests contained 3 nests but only one of them was the real active nest, facing the potential effect of host incubation and host attack on parasitism. However, such bias can reasonably be ignored because 1) active triplets of observed nests were so close to each other that host activities around the nests can be detected by cuckoos; 2) cuckoos cannot avoid being attacked by avoiding parasitism in active nests because they were also attacked by host parents from active nest when they were parasitizing the nonactive nest in the same triplet (ESM Video S2); and 3) all parasitism events occurred at the egglaying stage when hosts had not invested extensive time in nests, except for one case where a host nest was parasitized on the day of clutch completion. In conclusion, host activities provide important cues, while presence or absence of incubation in nests should not be a selective factor affecting parasitism because cuckoos have evolved the ability to invade host nests secretly as an adaptation to 1) the attack by hosts and 2) the significant increase in cuckoo egg rejection by detection of cuckoo presence near host nests (Moksnes et al. 1991; Honza et al. 2002 ). An alternative explanation for the results of laying eggs that match may be that naive cuckoos parasitized any clutch while experienced ones selected clutches of eggs which match the eggs of their own. However, this is an unlikely explanation because naive cuckoos would parasitize nests with different egg appearances in equal proportion if they use nests randomly and thus the observed parasitized nests that are matched in terms of egg appearance should be more common than nests with unmatched eggs. For example, if experienced cuckoos account for 40%, whereas naive cuckoos account for 60%, then the matched and unmatched nests should constitute 70% and 30%, respectively (30% of matched eggs and 30% of unmatched eggs for naive cuckoos). However, our results showed that the parasitism frequencies were similar to what was expected from each egg appearance. One possibility that may make such an alternative explanation reasonable is that naive cuckoos are predominant in a cuckoo population (e.g., ˃90%). However, again this seems highly unlikely. Finally, another alternative explanation is that cuckoos are less discriminating in a context in which all available nests contain nonmimetic eggs than in a context in which almost all available nests contain mimetic eggs resembling each other. However, this also seems unlikely because logically placing similar objects (eggs in this case) in the same nest will confuse rather than facilitate discrimination. In summary, this novel study considerably improves our knowledge of coevolution in cuckoo-host systems by solving previously challenging puzzles. We found strong evidence to suggest that 1) host activities provide essential cues for cuckoo parasitism because cuckoos may first locate the general site of host nests from host activities and then spot the exact location by targeting the surroundings of the nests; 2) cuckoos recognize the phenotypes of host nests and distinguish them from those of another potential host species; and 3) cuckoos do not evolve the optimal ability to lay eggs in host nests containing eggs that match those of their own egg phenotypes. Our study thus challenged the idea how cuckoos can recognize eggs that match their own.
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